Introduction {#S1}
============

During protein synthesis, mRNA and tRNAs are moved through the ribosome by the dynamic process of translocation. Sequential movement of tRNAs from the A (aminoacyl) site to the P (peptidyl) site to the E (exit) site is coupled with movement of their associated codons in the mRNA. Each of the three tRNA binding sites is shared between the small and large ribosomal subunits; the mRNA and anticodon stem-loop (ASL) domains of the tRNAs bind to the small subunit, and the acceptor ends of the tRNA bind to the large subunit[@R1]--[@R5]. This arrangement reflects the way in which the tRNAs move. Following peptide bond formation, the acceptor ends of the tRNAs first move on the large subunit, resulting in the A/P and P/E hybrid binding states, in which the anticodon ends of the peptidyl-tRNA and deacylated tRNA remain bound to the A and P sites, respectively, of the small subunit, while their acceptor ends move into the P and E sites of the large subunit[@R6]. In the second step of translocation, the ASLs of the tRNAs, along with their associated mRNA codons, are translocated from the small subunit A and P sites to the P and E sites, respectively, resulting in movement of the tRNAs from the A/P and P/E hybrid states to the classical P/P and E/E states ([Fig. 1](#F1){ref-type="fig"}). The second step of translocation has a strong dependence on elongation factor G (or EF-2, in eukaryotes). Although formation of the hybrid state in the first step of translocation can occur spontaneously[@R6], it is also favored by binding of EF-G[@R7]--[@R8].

Division of translocation between two steps on separate subunits suggested the possibility that intersubunit movement plays a role. In cryo-EM reconstructions of ribosome complexes containing bound EF-G, it was observed that the small subunit was rotated in a counterclockwise[\*](#FN3){ref-type="fn"} direction compared with its usual orientation relative to the large subunit[@R9]--[@R11]. It was proposed that this intersubunit movement is part of a two-step ratchet mechanism responsible for translocation of mRNA and tRNA[@R9],[@R12]. According to this model, in the first step, counterclockwise rotation is favored by EF-G·GTP binding. In the second step, GTP hydrolysis results in translocation of mRNA and tRNA followed by EF-G release and reverse, clockwise rotation of the 30S into the non-rotated conformation[@R9]. A strong test of the ratchet model was carried out in experiments in which rotational movement between the subunits was restricted by formation of an intersubunit disulfide bridge between ribosomal proteins S6 and L2; formation of this cross-link resulted in a complete and specific block in translocation that could be reversed by disruption of the cross-link[@R13].

The possibility that the ratchet mechanism involves hybrid-state tRNA intermediates was suggested by the observation that, in the rotated conformation of the ribosome, the deacylated tRNA had moved from its classical P/P state into an orientation predicted to be a P/E hybrid state[@R11]. Indeed, based on a combination of intersubunit FRET measurements and chemical probing experiments, the rotated state was found to be indistinguishable from the hybrid state[@R14]. Further support for unification of the hybrid-state and ratchet mechanisms has come from more recent cryo-EM studies, which have identified ribosomes in the rotated conformation containing tRNAs bound in both the A/P and P/E hybrid states[@R15]--[@R16].

Single-molecule FRET experiments have revealed that pre-translocation ribosome complexes containing deacylated tRNA in the P site fluctuate spontaneously back and forth between the rotated and non-rotated conformations in the absence of EF-G or GTP[@R17]. This spontaneous movement (which does not result in translocation) appears to be coupled to fluctuations of tRNAs between the hybrid and classical states[@R17]--[@R22] ([Fig. 1A](#F1){ref-type="fig"}). In the presence of EF-G and GTP, the second step of translocation moves the peptidyl-tRNA into the P/P state; this fixes the ribosome in the classical, non-rotated conformation[@R17],[@R19] ([Fig. 1B](#F1){ref-type="fig"}), because the strong specificity of the large subunit E site for a deacylated tRNA acceptor end[@R23] prevents peptidyl-tRNA from entering the P/E state.

Despite considerable progress in recent years, we are far from a complete understanding of the molecular mechanism of translocation. For example, it remains to be shown whether intersubunit rotation follows, precedes or is coupled to tRNA and mRNA translocation. And, since EF-G has been shown to shift the equilibrium toward the rotated, hybrid-state conformation of the ribosome [@R7]--[@R9],[@R11],[@R17],[@R19],[@R21], the question arises as to whether release of EF-G from the ribosome is required for clockwise reversal of the movement into the non-rotated conformation. Here, we address these questions with pre-steady-state kinetic experiments, using FRET to follow intersubunit movement of the ribosome and a fluorescence quenching assay to monitor translocation of mRNA in *E.coli* ribosomes ([Fig. 1C](#F1){ref-type="fig"}). We find that mRNA translocation occurs during the second step of intersubunit movement, in which clockwise rotation restores the hybrid-state ribosome to the classical state. Moreover, in contrast to the original proposal of the ratchet model[@R9], this productive, reverse movement of the 30S subunit requires neither GTP hydrolysis nor release of EF-G from the ribosome.

Results {#S2}
=======

Intersubunit rotation is accompanied by mRNA translocation {#S3}
----------------------------------------------------------

To follow intersubunit movement during translocation, we used a previously developed FRET assay[@R19]. Fluorophores were attached to specific cysteine residues introduced by directed mutagenesis into ribosomal proteins S6 (D41C), S11 (E75C), and L9 (N11C) ([Figure 1C](#F1){ref-type="fig"})[@R14],[@R19]. Proteins S6 or S11 labeled with donor (Alexa-488) dye and protein L9 labeled with acceptor (Alexa-568) dye were incorporated into 30S and 50S subunits, respectively, by *in vitro* reconstitution as described previously[@R19]. We have previously demonstrated that conditions that favor formation of the hybrid state result in an increase in S11-L9 FRET and an anti-correlated decrease in S6-L9 FRET, both of which are indicative of counterclockwise rotation of the 30S subunit[@R19]. Several lines of evidence have shown that the observed FRET changes are caused by intersubunit rotation, rather than any local structural dynamics of ribosomal proteins or changes in the environment and/or orientation of the fluorophores[@R14],[@R17],[@R19].

Pre-translocation complexes were formed by binding deacylated elongator tRNA^Met^ to the P site and the peptidyl-tRNA analogue N-Ac-Phe-tRNA^Phe^ to the A site of fluorescently labeled ribosomes (either S6-D(donor)/L9-A(acceptor) or S11-D/L9-A) in the presence of a short, unlabeled mRNA. Our previous single-molecule FRET measurements showed that, under similar experimental conditions, the hybrid-state and classical conformations of the ribosome are in equilibrium with each other and the majority of ribosomes are in the rotated, hybrid-state conformation[@R17]. When pre-translocation ribosome complexes containing fluorophores attached to proteins S6 and L9 (S6-D/L9-A) were mixed with EF-G and GTP using a stopped-flow fluorimeter, we observed a rapid increase in acceptor fluorescence ([Fig. 2A](#F2){ref-type="fig"}). This increase in FRET indicates movement of S6 toward L9 and, as was established previously[@R19], reverse, clockwise rotation of the ribosome into the non-rotated conformation. Conversely, mixing of S11D/L9A ribosomes with EF-G·GTP resulted in a corresponding decrease in FRET ([Fig. 2A](#F2){ref-type="fig"}), also indicative of clockwise rotation of the 30S[@R19]. Kinetic traces for acceptor fluorescence for both S6-D/L9-A and S11-D/L9-A ribosomes are fit well by a single-exponential function giving apparent rate constants of 4.5 ± 1.2 s^−1^ and 4.1 ± 1 s^−1^, respectively ([Table 1](#T1){ref-type="table"}).

The kinetics of mRNA translocation were followed by quenching of the fluorescence of a pyrene dye attached to the 3′ end of the mRNA as it moves within the ribosome[@R24] ([Fig. 1C](#F1){ref-type="fig"}). Pre-translocation complexes were assembled with pyrene-labeled mRNA, deacylated tRNA^Met^, N-Ac-Phe-tRNA^Phe^ and either fluorescently-labeled S6-D/L9-A ribosomes or unlabeled wild-type ribosomes. When these complexes were mixed with EF-G·GTP, rapid quenching of pyrene fluorescence was observed, indicative of mRNA translocation ([Fig. 2B](#F2){ref-type="fig"}). Comparison of the kinetic traces for pyrene quenching and intersubunit FRET shows that the translocation of mRNA and clockwise rotation occur on the same time scale.

As has been reported previously[@R25]--[@R27], the kinetics of mRNA translocation are clearly biphasic and are best fitted by the sum of two exponentials, corresponding to apparent rate constants *k~1~* and *k~2~* ([Fig. 2B](#F2){ref-type="fig"}, [Suppl. Fig. 1](#SD1){ref-type="supplementary-material"} and [Table 1](#T1){ref-type="table"}); the faster rate constant k~1~ accounts for 55--70% of the amplitude of the change in fluorescence ([Table 1](#T1){ref-type="table"}). Even though the biphasic character of fluorescence changes associated with mRNA translocation is well documented[@R25]--[@R27], the physical basis of this phenomenon remains unclear. The rate of intersubunit rotation falls between k~1~ and k~2~, matching the value of *k~av~*, the weighted average rate constant calculated as the sum of k~1~ and k~2~ normalized to their respective contributions to the total amplitude of fluorescence change \[*k~av~* = (*k~1~*\*A~1~ + *k~2~*\*A~2~)/(A~1~ + A~2~)\]. The amplitude (but not the rate) of the fluorescence change was notably smaller in S6-D/L9-A ribosomes than in unlabeled ribosomes. This is not surprising, since only about 50--70 % of reconstituted, fluorescently-labeled ribosomes are able to bind tRNA and mRNA, which is also the fraction of labeled ribosomes that are active in translocation[@R19]. The rate of mRNA translocation for fluorescently-labeled ribosomes (5.5 ± 1.1 s^−1^) was similar to that measured for wild-type, unlabeled ribosomes (4.2 ± 1.1 s^−1^), indicating that the presence of the labels does not interfere with translocation.

To further test the relationship between intersubunit movement and mRNA translocation, we next asked whether conditions that slow the rate of mRNA translocation also decrease the rate of intersubunit rotation. It was previously reported that the rate of translocation is slowed by a factor of 2--4 when the P site of the pre-initiation complex is filled with initiator tRNA^fMet^ rather than elongator tRNA^Met^[@R24],[@R28]. Accordingly, we measured the rate of translocation of pre-translocation complexes containing deacylated initiator tRNA^fMet^ bound in the P site and N-Ac-Phe-tRNA^Phe^ in the A site of S6-D/L9-A ribosomes. The presence of initiator tRNA^fMet^ slowed the rate of clockwise intersubunit rotation from 4.5 s^−1^ to 1.1 s^−1^ ([Fig 2C](#F2){ref-type="fig"} and [table 1](#T1){ref-type="table"}) and mRNA translocation from 5.5 s^−1^ to 0.8 s^−1^ ([Fig. 2D](#F2){ref-type="fig"} and [table 1](#T1){ref-type="table"}), providing further evidence for coupling of mRNA translocation to intersubunit rotation.

Direct observation of both steps of intersubunit rotation {#S4}
---------------------------------------------------------

In the experiments described above, we were unable to resolve the first (counterclockwise) step from the second (clockwise) step of intersubunit rotation. This could be explained by insufficient differences between the rates of the two intersubunit rotational steps, complicated by the fact that the majority of pre-translocation ribosomes were already in the rotated, hybrid-state conformation before mixing with EF-G. To address this question, we asked whether slowing translocation with antibiotics would allow us to resolve the two intersubunit rotational steps, as suggested by the results of Pan et al[@R8] and Peske et al [@R26]. We slowed translocation using the inhibitors spectinomycin and hygromycin B, which inhibit rates of translocation by a factor of \~ 30 and 300, respectively, by distinctly different mechanisms[@R26],[@R29]--[@R30], without affecting EF-G binding, rates of GTP hydrolysis, phosphate release or hybrid-state formation[@R8],[@R26]. Pre-translocation complexes containing deacylated initiator tRNA^fMet^ in the P site and N-Ac-Phe-tRNA^Phe^ in the A site of S6-D/L9-A or unlabeled ribosomes were pre-incubated with either 2 mM spectinomycin or 0.4 mM hygromycin B and mixed with EF-G·GTP ([Fig. 3](#F3){ref-type="fig"}). Using the pyrene quenching method, mRNA translocation was slowed by a factor of \~10- and \~100 by spectinomycin and hygromycin B, respectively ([Fig. 3B and D](#F3){ref-type="fig"}). In agreement with the findings of Peske et al.[@R26], the amplitude of the slow phase of the biphasic mRNA translocation reaction increased to 60--70% in the presence of spectinomycin and 80--85% in the presence of hygromycin B at the expense of the rapid phase ([Table 1](#T1){ref-type="table"}). Intersubunit FRET measurements using the S6D/L9A construct showed an initial rapid decrease, indicating counterclockwise rotation, followed by a slow increase, corresponding to reverse, clockwise rotation ([Fig. 3A and C](#F3){ref-type="fig"}). The slow phase of the FRET traces can be fit to a single exponential giving apparent rate constants for clockwise rotation of 0.04 s^−1^ and 0.005 s^−1^ for the spectinomycin and hygromycin B complexes, respectively. These rates are similar to the *k~av~* rates observed for pyrene quenching, and about two orders of magnitude slower than the rate of the first rotational step (estimated to be approximately 1.4 and 2.4 s^−1^ for the hygromycin B and spectinomycin complexes, respectively). These results clearly show that mRNA translocation takes place during the second, clockwise step of intersubunit rotation.

If mRNA translocation is indeed coupled to the second, clockwise rotational step of EF-G-catalyzed translocation, blocking the second step should allow counterclockwise rotation but without reversal of rotation or movement of mRNA. Accordingly, we separated the two steps by reacting a pre-translocation complex with EF-G and GDP in the presence of fusidic acid. In contrast to EF-G·GTP, EF-G·GDP does not induce translocation, but in the presence of fusidic acid favors the hybrid-state conformation of the ribosome [@R7]. The result was a rapid decrease in FRET, indicating counterclockwise rotation into the hybrid-state conformation ([Fig. 4](#F4){ref-type="fig"}). No subsequent increase in FRET or quenching of the pyrene-labeled mRNA were observed, consistent with previous reports that GDP does not support mRNA translocation[@R7]--[@R8],[@R31]; instead, a small increase in pyrene fluorescence was detected ([Fig. 4](#F4){ref-type="fig"}) that reflects binding of EF-G to the pre-translocation ribosome[@R24]. This result further supports our conclusion that counterclockwise intersubunit rotation into the hybrid state precedes clockwise rotation and mRNA translocation.

The second step of rotation does not require EF-G release {#S5}
---------------------------------------------------------

Since EF-G shifts the equilibrium toward the rotated, hybrid-state conformation of the ribosome [@R7]--[@R9],[@R11],[@R17],[@R19],[@R21], we asked whether release of EF-G is required for the reverse rotational movement into the classical state. Release of EF-G from the ribosome can be blocked either in the presence of the non-hydrolyzable GTP analogue GDPNP or by the antibiotic fusidic acid, both of which have been shown to inhibit EF-G release from the ribosome; fusidic acid blocks EF-G release following GTP hydrolysis without interfering with single-round translocation[@R7],[@R32]--[@R36]. Pre-translocation S6-D/L9-A ribosomes, containing deacylated elongator tRNA^Met^ in the P site and N-Ac-Phe-tRNA^Phe^ in the A site, were rapidly mixed with EF-G·GDPNP or with EF-G·GTP and fusidic acid. In both cases, a rapid increase in intersubunit FRET was observed, indicating clockwise intersubunit rotation ([Fig. 5A](#F5){ref-type="fig"}). This result unambiguously demonstrates that clockwise rotation does not require EF-G release or GTP hydrolysis. Measurements of mRNA translocation rates showed that, in agreement with previous reports[@R35]--[@R36], fusidic acid does not inhibit single-round mRNA translocation ([Fig. 5B](#F5){ref-type="fig"}, [Table 2](#T2){ref-type="table"}), while replacing GTP with GDPNP slowed down translocation only by a factor of \~ 2.5. The latter observation is consistent with the reduction by a factor of 3 in translocation rate observed in the presence of GDPNP in two previous reports[@R8],[@R35], but much less than the inhibition by a factor of 50 reported by Rodnina et al.[@R37]. Replacement of GTP by GDPNP slowed the rate of clockwise rotation to the same extent as mRNA translocation (by a factor of \~2.5), providing further evidence for coupling of mRNA translocation to the second rotational step.

Discussion {#S6}
==========

These studies show, for the first time, the occurrence of the two long-hypothesized separate and opposite rotational movements between the ribosomal subunits during EF-G-catalyzed translocation. Moreover, they show that the translocational movement of mRNA on the ribosome occurs during the second, clockwise rotational step of translocation. During the first, counterclockwise step, the tRNAs move from the classical A/A and P/P states to the hybrid A/P and P/E states[@R6],[@R8],[@R17]--[@R18],[@R21], without movement of mRNA. In the second step, intersubunit rotation is reversed, as the tRNAs move into the classical P/P and E/E states, accompanied by movement of the mRNA by one codon. Slowing the rate of mRNA translocation, using a variety of experimental strategies, also slows the rate of clockwise rotation to a similar degree, suggesting that these two processes are coupled ([Figs. 2](#F2){ref-type="fig"},[3](#F3){ref-type="fig"}; [Table 1](#T1){ref-type="table"}).

Our experiments provide several critical tests of the ratchet model of translocation. Until now, stable complexes of EF-G bound to the ribosome containing a single deacylated tRNA (and, therefore, incapable of undergoing translocation) have been predominantly characterized by chemical probing, FRET, cryo-EM and crystallographic approaches. By slowing translocation, we were able to resolve the long-hypothesized transient stabilization of the pre-translocation ribosome in the rotated conformation by EF-G ([Fig. 3](#F3){ref-type="fig"}). This result is consistent with the observation of transient stabilization of tRNAs in the hybrid state during translocation[@R8], providing new evidence for coupling of hybrid state formation and intersubunit movement. More specifically, our experiments show that mRNA translocation occurs during the second (clockwise) step of intersubunit rotation. Furthermore, the kinetic traces for clockwise rotation can be fit to a single exponential ([Figs. 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}); therefore, within the detection limits of our experiments, intersubunit rotation must occur without any stable rotational intermediates. This finding is consistent with our previous single-molecule FRET experiments, which demonstrated that spontaneous fluctuation of pre-translocation ribosomes between the classical and hybrid states involves only two rotational conformational states[@R17].

Although the kinetics of intersubunit rotation can be fit to a single exponential, measurement of the rate of movement of mRNA is complicated by the biphasic character of the kinetics of quenching of the pyrene label. In spite of the widespread use of fluorescence changes in labeled mRNAs for measuring mRNA translocation[@R24]--[@R25],[@R28],[@R35], no clear explanation of this biphasic behavior has so far emerged. Some papers attribute only the rate of the fast phase to translocation[@R25]--[@R27], while others fit the data to a single exponential[@R24],[@R28],[@R35],[@R38]. However, as we show here, slowing the rate of translocation by two different antibiotics or by replacement of P-site elongator tRNA with initiator tRNA^fMet^ decreases the rates of both phases ([Table 1](#T1){ref-type="table"}), thus implicating both the fast and slow phases in translocation of mRNA, rather than in translocation-independent processes such as photobleaching. The existence of two populations of ribosomes that translocate at different rates[@R26] seems an unlikely explanation, because of the monophasic behavior of the kinetics of clockwise rotation. Another possibility is that the biphasic kinetics reflect additional, kinetically distinct dynamic events, such as movement of the head of the 30S subunit[@R10]--[@R11],[@R39]. Alternatively, quenching of the pyrene label may arise from two different molecular mechanisms, such as alternative stacking of the dye on different structures in the ribosome; however, the observation that a fluorescence enhancement assay, using a dye bound to a different position of the mRNA, also shows a similar biphasic behavior [@R26],[@R38] would seem to argue against this possibility. Thus, we find no convincing explanation for the biphasic behavior of the currently used mRNA translocation assays. Nevertheless, it is clear that the observed fluorescence changes correlate with translocation of mRNA in the ribosome, and so are widely accepted as a standard method for measuring translocation rates [@R24]--[@R25],[@R27]--[@R28],[@R35],[@R40]--[@R42]. For example, another assay based on changes in the signal from fluorescently-labeled tRNAs (with either wybutine or proflavine labels in the anticodon or D-loop) reports very similar values for the kinetics of translocation [@R8],[@R37],[@R43]--[@R44]. Conditions that are known to slow the rate of translocation, such as antibiotic inhibitors of translocation, increased Mg^2+^ concentration or binding deacylated tRNA or a tRNA anticodon stem-loop in the A site, decrease the rate of pyrene quenching consistently with other biochemical measurements of translocation [@R24],[@R27]--[@R28],[@R42]. Mutations in rRNA and tRNAs that affect translocation according to the other biochemical assays also change the rate of pyrene quenching [@R25],[@R27]--[@R28],[@R41].

In any case, we observe close agreement between the monophasic kinetics of intersubunit rotation and the biphasic kinetics of mRNA translocation using a pseudo-first-order rate constant (k~av~) calculated as a weighted sum of the rates of the fast and slow rate phases. According to this empirical treatment, the rate of mRNA translocation(k~av~) was similar to the rate of clockwise rotation under all tested conditions, in which the respective rates of translocation varied by more than two orders of magnitude ([Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}).

Inhibition of EF-G release by fusidic acid had no measurable effect on the rates of single-round mRNA translocation and clockwise rotation ([Table 2](#T2){ref-type="table"}; [Fig. 5](#F5){ref-type="fig"}). Therefore, clockwise intersubunit rotation can occur unaffected by the presence of EF-G bound to the ribosome. In cryo-EM reconstructions of EF-G-ribosome complexes[@R10]--[@R11], as well as in a recent crystal structure of EF-G bound to a non-rotated, classical-state ribosome[@R45], domain IV of EF-G, which was previously shown to be essential for catalysis of translocation[@R37],[@R46], overlaps with the 30S subunit A site. This EF-G conformation is disallowed in pre-translocation ribosomes because of potential clash with the A-site tRNA. Therefore, EF-G must undergo a large-scale conformational change during mRNA translocation and clockwise movement of the small subunit; indeed, a disulfide cross-link restricting the conformational mobility of domain IV of EF-G abolished its translocation activity[@R47].

Together with the results of previous findings, our studies show that translocation involves two steps of intersubunit movement: a counterclockwise rotation step in which the tRNAs move from classical A/A and P/P states to hybrid A/P and P/E states, followed by a reverse, clockwise rotation step in which the tRNAs move into the classical P/P and E/E states, accompanied by movement of the mRNA by one codon. Although our FRET measurements fail to provide evidence for more than two intersubunit rotational states, we cannot exclude the possibility that other intermediate conformational states of the ribosome play a role in the mechanism of this complex macromolecular process. Our ignorance of many crucial details, such as the molecular nature of the pawl of the ratchet, emphasizes how far we are from a true understanding of the mechanism of translocation.

Methods {#S7}
=======

Materials and sample preparation {#S8}
--------------------------------

tRNA^fMet^ was purchased from MP Biomedicals; GTP, GDPNP, fusidic acid, spectinomycin, hygromycin B, tRNA^Phe^ and tRNA^Met^ were purchased from Sigma. GDP was further purified from contaminating GMP and GTP using ion-exchange chromatography as previously described[@R19]. Unlabeled mRNA (5′ GGC AAG GAG GUA AAA AUG UUU AAA CGU AAA UCU ACU 3′) and 3′ amino-modified mRNA (5′ GGC AAG GAG GUA AAA AUG UUU AAA 3′) were synthesized by Integrated DNA Technologies. 3′ amino-modified mRNA was conjugated with pyrene and subsequently purified according to published procedures[@R24]. fMet-tRNA^fMet^, N-Ac-Phe-tRNA^Phe^, and EF-G with a 6-His tag were prepared and purified as previously described[@R6],[@R28],[@R48]. Ribosomes from *E. coli* strains MRE600 (wild-type) and the fluorescently labeled 70S ribosome constructs S6-D/L9-A and S11-D/L9-A were prepared as described[@R19],[@R49]--[@R51].

Stopped-flow kinetic experiments {#S9}
--------------------------------

Ribosomal complexes were constructed and all stopped-flow experiments performed in buffer containing 20 mM Hepes·KOH (pH 7.5), 6 mM MgCl~2~, 150 mM NH~4~Cl, 6 mM β mercaptoethanol, 0.01% (w/v) Nikkol, 2 mM spermidine and 0.1 mM spermine. Pre-translocation complexes for FRET experiments were constructed by incubation of fluorescently-labeled 70S ribosomes (1 μM) with unlabeled mRNA (2 μM) and 2 μM deacylated tRNA^Met^ (or deacylated tRNA^fMet^) for 20 minutes at 37°C followed by incubation with N-Ac-Phe-tRNA^Phe^ (1.5 μM) for 30 minutes at 37°C.

For measurement of mRNA translocation kinetics, pre-translocation complexes were assembled similarly, except that unlabeled mRNA was replaced with pyrene-labeled mRNA (0.85 μM). In all experiments, pre-translocation ribosomes were mixed with EF-G and GTP (or GDPNP, GDP + fusidic acid, GTP + fusidic acid, depending on the experiment) using an Applied Photophysics stopped-flow fluorimeter. Final concentrations after mixing were: 35 nM ribosomes, 375 nM EF-G, 1 mM GTP, 0.2 mM GDP, 0.5 mM GDPNP, 0.1 mM fusidic acid. For the experiments in [Fig. 4](#F4){ref-type="fig"}, pre-translocation complexes (70 nM) were pre-incubated with either spectinomycin (2 mM ) or hygromycin B (0.4 mM) for 5 minutes at 37°C before mixing with EF-G and GTP. For FRET experiments, the donor dye (Alexa-488) was excited at 490 nm and the acceptor (Alexa-568) emission was detected using a 590 nM long-pass filter (Applied Photophysics). For the mRNA translocation assay, the pyrene dye was excited at 343 nm and fluorescence emission detected using a 375 nm long-pass filter. Monochromator slits were adjusted to 9.3 nm. All stopped-flow experiments were done at 23°C. Time traces were analyzed using Pro-Data-Viewer software (Applied Photophysics).
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![Hybrid-state model of translocation and experimental design. **(A)** Schematic depiction of intersubunit rotation and tRNA movement in pre-translocation ribosomes. Movement of mRNA is not depicted here. Spontaneous, non-productive forward and reverse intersubunit rotation, coupled to fluctuations between the classical and hybrid states of tRNA binding can occur in the absence of EF-G. **(B)** In the presence of EF-G, intersubunit rotation is coupled to translocation of tRNA on the 30S subunit. In the first step of translocation, EF-G can either induce hybrid state formation in non-rotated, classical-state ribosomes or bind directly to rotated, hybrid-state ribosomes. In the second step, tRNAs are translocated on the 30S subunit. **(C)** Experimental design. Intersubunit rotation was measured by changes in the FRET signal between a donor dye (blue) attached to protein S6 on the 30S subunit and an acceptor dye (orange) attached to protein L9 on the 50S subunit. Counterclockwise rotation, accompanying formation of the hybrid-state intermediate, results in a decrease in FRET; reverse, clockwise movement increases the efficiency of energy transfer. mRNA translocation was measured by quenching of the fluorescence of a pyrene dye (yellow) attached to position +9 of the mRNA as it enters the ribosome.](nihms258813f1){#F1}

![Kinetics of intersubunit rotation and mRNA translocation. **(A,C)** Kinetics of intersubunit rotation followed by FRET (acceptor fluorescence) **(B,D)** Kinetics of mRNA translocation measured by quenching of fluorescence of pyrene attached to the mRNA[@R24]. **(A,B)** Pre-translocation ribosomes containing deacylated elongator tRNA^Met^ in the P site and N-Ac-Phe-tRNA^Phe^ in the A site were rapidly mixed with EF-G·GTP. **(A)** Intersubunit FRET signal (acceptor fluorescence) for S6-D/L9-A (red) and S11-D/L9-A (green) ribosomes. **(B)** Quenching of fluorescence of pyrene-labeled mRNA in wild-type (blue) and S6-D/L9-A (red) ribosomes. **(C,D)** Pre-translocation ribosomes containing initiator tRNA^fMet^ in the P site and N-Ac-Phe-tRNA^Phe^ in the A site were rapidly mixed with EF-G·GTP. **(C)** Intersubunit FRET signal (acceptor fluorescence) for S6-D/L9-A ribosomes (red). **(D)** Quenching of fluorescence of pyrene-labeled mRNA in wild-type (blue) and S6-D/L9-A (red) ribosomes. Single-exponential fits for FRET traces and double-exponential fits for mRNA quenching are shown by black lines.](nihms258813f2){#F2}

![Resolution of the first and second steps of intersubunit rotation in the presence of antibiotics. **(A,C)** Kinetics of intersubunit rotation and **(B,D)** mRNA translocation in the presence of **(A,B)** spectinomycin and **(C,D)** hygromycin B. Pre-translocation ribosomes containing deacylated initiator tRNA^fMet^ in the P site and N-Ac-Phe-tRNA^Phe^ in the A site were pre-incubated with either **(A,B)** spectinomycin or **(C-D)** hygromycin B and rapidly mixed with EF-G·GTP. The FRET signal (acceptor fluorescence) for S6-D/L9-A ribosomes is shown in red; quenching of pyrene-labeled mRNA in wild-type and S6-D/L9-A ribosomes is shown in blue and green, respectively. Single-exponential (intersubunit FRET) and double-exponential (mRNA translocation) fits are shown by black lines.](nihms258813f3){#F3}

![Stabilization of the rotated, hybrid-state conformation by binding EF-G·GDP in the presence of fusidic acid. Pre-translocation ribosomes containing initiator tRNA^fMet^ in the P site and N-Ac-Phe-tRNA^Phe^ in the A site were rapidly mixed with EF-G·GDP and fusidic acid. The intersubunit FRET signal (acceptor fluorescence) for S6-D/L9-A ribosomes is shown in red. Quenching of pyrene-labeled mRNA fluorescence in wild-type and S6-D/L9-A ribosomes is shown in blue and green, respectively.](nihms258813f4){#F4}

![Effect of inhibition of EF-G release on the second (clockwise) step of intersubunit rotation and mRNA translocation. Pre-translocation ribosomes containing elongator tRNA^Met^ in the P site and N-Ac-Phe-tRNA^Phe^ in the A site were rapidly mixed with EF-G·GDPNP or EF-G·GTP and fusidic acid. **(A)** FRET signal (acceptor fluorescence) for S6-D/L9-A ribosomes. **(B)** Quenching of pyrene-labeled mRNA in wild-type ribosomes. EF-G·GDPNP traces are shown in blue and those for EF-G·GTP and fusidic acid are shown in red. Single-exponential (intersubunit FRET) and double-exponential (mRNA translocation) fits are shown by black lines.](nihms258813f5){#F5}

###### 

Rates of intersubunit movement and mRNA translocation

  P-site tRNA             Rate of clockwise rotation (s^−1^)   Rate of mRNA translocation in unlabeled wild-type ribosomes   Rate of mRNA translocation in S6D/L9A ribosomes                                                                      
  ----------------------- ------------------------------------ ------------------------------------------------------------- ------------------------------------------------- ------------ ------------- ------------- ------------- ----------- -------------
  tRNA^Met^               4.5±1.2 (4.1±1.0 for S11D/L9A)       6.9±1.4                                                       0.7±0.1                                           0.57±0.06    4.2±0.8       8.0±1.3       0.5±0.2       0.67±0.02   5.5±1.0
  tRNA^fMet^              1.1±0.2                              1.1±0.4                                                       0.20±0.09                                         0.47±0.09    0.6±0.2       1.5±0.5       0.20±0.05     0.45±0.03   0.8±0.2
  tRNA^fMet^ 1 mM Spc     0.04±0.01                            0.10±0.02                                                     0.012±0.002                                       0.30±0.04    0.04±0.01     0.12±0.02     0.012±0.002   0.39±0.03   0.05±0.01
  tRNA^fMet^ 0.2 mM Hyg   0.005±0.001                          0.033±0.010                                                   0.003±0.001                                       0.25 ±0.12   0.010±0.005   0.029±0.008   0.002±0.001   0.19±0.03   0.007±0.003

Pre-translocation complexes containing tRNA^Met^ or tRNA^fMet^ bound to the P site and N-Ac-Phe-tRNA^Phe^ in the A site were mixed with EF-G in the presence of GTP as described in Methods. Approximately ten time traces were accumulated for each experiment. Rate constants averaged from two to five experiments are presented in the table. Rates of intersubunit rotation were determined by single-exponential fits of the kinetic traces. *k~1~* and *k~2~* are the rate constants of double-exponential fits of the mRNA translocation data; A~1~ and A~2~ are their respective amplitudes; A~1~/(A~1~+A~2~) is the relative contribution of the faster phase to the total amplitude of pyrene quenching. Weighted average values (*k~av~*) for mRNA translocation rates were calculated by combining the rate constants derived from the two-exponential fits: *k~av~* = (*k~1~*A~1~ + *k~2~*A~2~)/(A~1~ + A~2~). Spc, spectinomycin; Hyg, hygromycin B.

###### 

Effect of inhibition of EF-G release on rates of intersubunit rotation and mRNA translocation

                            Rate of clockwise rotation (s^−1^)   Rate of mRNA translocation in WT ribosomes                         
  ------------------------- ------------------------------------ -------------------------------------------- --------- ----------- ---------
  EF-G-GTP                  4.5±1.2                              6.9±1.4                                      0.7±0.1   0.57±0.06   4.2±0.8
  EF-G-GTP + fusidic acid   6.7±0.6                              5.6±0.3                                      0.6±0.1   0.57±0.01   3.5±0.2
  EF-G-GDPNP                1.7±0.2                              2.7±0.4                                      0.4±0.1   0.55±0.04   1.6±0.3

Pre-translocation complexes containing tRNA^Met^ in the P site and N-Ac-Phe-tRNA^Phe^ in the A site were mixed with EF-G in the presence of GTP, GDPNP or GTP + Fusidic acid as described in Methods. Approximately ten time traces were accumulated for each experiment. Rate constants averaged from two to five experiments are presented in the table. *k~1~*, *k~2~*, A~1~, A~2~ and *k~av~* are as defined in [Table 1](#T1){ref-type="table"}.

[^1]: Present address: Department of Biochemistry and Biophysics and Center for RNA Biology, School of Medicine and Dentistry, University of Rochester, Rochester, NY 14642, USA
